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This  is  a  quarterly  letter  progress 
report  covering  the  work  of  the 
participants  in  the  Hypervelocity  Kill 
Mechanisms  Program;  work  on  this  problem 
is  continuing. 
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ITvIRODUC  i  ION 

Progress  Report  No. 12  is  a  compilation  of  quarterly 
techni  al  progress  reports  covering  the  work  of  the 
Hypervelocity  Kill  Mechanisms  Program  for  the  period 
covering  20  March  through  30  June  1963, 

The  reports  cover  the  work  performed  in  the  impact 
damage  and  the  aerothermal  phases  of  the  Program,  The 
work  covering  the  impact  damage  and  aerothermal  phases 
was  done  by  the  Aeronautical  Research  Associates  of 
Princeton,  AVCO-RAD,  Ballistic  Research  Laboratories, 
U.S.  Naval  Research  Laboratory,  and  General  Electric 
Company. 
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SUMMARY 

Investigation  of  composite  target  combinations  (non- metallic  face¬ 
plate  plus  metallic  back-up)  was  continued  in  three  additional  phases  (III-V 
inclusive)  with  one  observation  per  condition.  The  target  combinations 
(1"  face-plate  +  1/8"  back-up  at  30-degree  attack  angle,  2"  +  1/8"  at  normal 
incidence,  and  1"  +  1/4"  at  normal  incidence)  were  attacked  by  aluminum 
inhibited  jet  pellets  with  the  same  impact  characteristics  provided  in  the 
previously  reported  tests.  The  target  hole  dimension  data  obtained  were 
used  as  a  basis  for  evaluation  of  the  effects  of  attack  angle  and  additional 
face-plate  and  back-up  plate  thickness  combinations  under  the  same  impact 
conditions  of  the  previous  tests. 

Thin  plate  perforation  studies  were  completed  using  steel  equi-axed 
cylinders  in  the  velocity  range  of  2  to  5  km/sec.  Characteristics  of  the 
mass,  velocity,  and  spatial  distribution  of  rear  surface  ejecta  were  determined 
as  the  ir.'.pact  velocity,  projectile  size  and  target  thickness  were  varied.  For 
the  case  of  the  non-deforming  projectile,  it  was  shown  that  residual  projec¬ 
tile  velocity  and  target  impulse  can  be  predicted  on  the  basis  of  a  simple 
mathematical  model,  Most  recently,  the  thin  plate  penetration  studies  were 
extended  to  include  experiments  with  much  higher  velocity  projectiles  pro¬ 
vided  by  an  inhibited  jet  design  developed  at  BRL.  Impacts  on  aluminum, 
magnesium,  and  steel  targets  observed  thus  far  are  incorporated  in  summaries 
of  target  reactions. 

COMPOSITE  TARGETS 


In  Phase  III,  four  one-inch  face  targets  -  glass^ fiberglass  laminate, 
phenolic  nylon  laminate,  and  polyethylene,  each  with  three  different  one- 
eighth  inch  back-ups-  aluminum,  magnesium,  and  steel  -  were  attacked  at 
thirty  degrees  {60-degree  obliquity). 

Throat  hole  dimensions  of  the  face-plate  materials  showed  no  tendency 
to  differ  from  those  obtained  at  normal  incidence  at  all  thickness  combina¬ 
tions,  The  back-up  plate  hole  dimensions  at  the  thirty  degree  attack  angle 
tend  more  toward  those  of  back-up  plates  in  combinations  of  equal  thickness 
than  toward  those  in  combinations  of  equivalent  thickness  (2"  +  1/4").  The 
effect  of  rolling  directior,  of  the  metallic  back-up  plates  on  the  non-circular 
hole  dimensions  appears  to  be  more  pronounced  in  some  instances  of  this 
oblique  attack  phase, 
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In  Phase  IV,  the  face-plate  thickness  was  changed  to  two  inches  while 
the  back-up  plate  thickness  remained  at  l/8th  inch.  The  attack  angle  was 
Of  s ,  thc  th.rcc  witli 

glass  face  plates  were  omitted.  A  comparison  of  results  with  those  of  Phase 
I  against  two-inch  face-plates  with  quarter-inch  back-ups  does  not  show  a 
tendency  of  primary-target-throat-hole  diameters  to  vary  with  changes  in 
back-up  thickness,  The  back-up  hole  dimensions  in  nearly  all  cases  increase 
with  thinner  back-up  plates. 

For  Phase  V,  glass  combinations  were  again  excluded  and  the  thick¬ 
ness  pairings  were  reversed  to  one-inch  face  with  quarter-inch  back-ups. 
Attack  conditions  were  the  Same  as  in  Phase  IV.  By  comparison  with  Phase 
II,  l/8th  inch  back-ups,  the  tendency  for  back-up  hole  dimensions  to  increase 
with  decreased  back-up  thickness  w.as  even  more  pronouiioed  than  for  the  pre¬ 
ceding  Phase  IV.  As  in  Phase  IV,  there  is  no  marked  tendency  of  primary- 
target  hole -diameters  to  vary  with  back-up  thickness. 

For  the  impact  condition  and  target  combinations  used  to  date,  there 
appears  to  be  a  tendency  for  the  hole  dimensions  of  both  the  1/8  and  1/4  inch 
metallic  back-up  plates  to  increase  with  an  increase  in  primary  plate  thick¬ 
ness  from  one  to  two  inches,  This  tendency  appears  more  pronounced  for 
the  quarter-inch,  especially  the  aluminum  plates,  The  hole  dimensions  of 
all  three  back-up  plates,  however,  are  consistently  smaller  in  the  combina¬ 
tions  of  greater  thicknesses  (2"  +  1/4")  than  in  those  of  the  lesser  thicknesses 
(1"  +  1/8"). 

Further  clarification  of  shock-distribution  and  attenuation  processes 
is  expected  from  the  shock-pulse  measurement  program.  The  composite 
target  program  will  be  continued  with  the  original  four  face-plate  and  three 
metallic  back-up  materials,  but  with  an  attacking  pellet  of  approximately 
eight  times  the  present  mass. 


THIN  PLATE  STUDIES 

Research  on  impact  damage  to  thin  and  thick  2024-T.'5  aluminum  targets 
was  continued  with  two  basic  explosive  projector  systems.  One  system 
utilized  a  0,02  gram  steel  projectile,  the  other  a  0,  187  gram  projectile, 

While  velocity  levels  cf  2.0,  3,  2  and  4. 0  kn.i/sec  were  used  for  the  lighter 
projectile,  the  velocity  of  the  heavier  projectile  was  increased  to  5,0  kni/sec 
by  use  of  a  BRL  air-cavity  projector'.  The  pertinent  variables  studied  for 
thick  targets  were  crater  depth,  diameter  and  volume;  for  thin  targets, 
entrance  and  exit  diameters. 
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For  thick  targets,  crater  volume  was  found  proportional  to  the  kinetic 
energy  of  the  projectile.  At  low  impact  velocities,  the  craters  are  narrow 
and  deep,  while  at  velocities  approaching  the  sonic  velocity  of  the  target 
(5.  1  hm/ccc)  the  Cxalcio  approach  a  hemispnerical  shape. 

For  thin  targets  (of  thirkne.ss  exceeding  f.  5  times  the  projectile 
length)  the  perforation  entrance  diameter  is  independent  of  target  thickness. 
For  targets  of  le.sser  thickness  ,  a  decrease  in  entrance  diameter  was  noted. 

The  spall  particle  distributions  produced  by  projectile -target  impacts 
over  the  2-5  km/sec  range  were  analyzed  frona  a  spatial  distribution  stand¬ 
point  for  both  normal  and  oblique  incidence.  Consistent  with  previous  indica¬ 
tions,  the  percentage  of  the  total  number  of  spall  fragments  in  a  given  space 
element  was  found  independent  of  projectile  scale  size,  projectile  velocity, 
or  target  thickness.  In  the  case  of  oblique  impacts,  spall  particle  distribu¬ 
tion  characteristics  are  complicated  by  a  dependence  on  azimuthal  angle 
(lateral  angle  relative  to  line  of  flight)  and  cannot  be  described  in  as  simple 
terms  as  hold  for  the  normal  impact  case.  The  center  of  spall  impact  is 
displaced  radially  outward  ah)ng  zero  azimuth,  the  direction  of  the  line  of 
flight  of  the  projectile, 

An  analysis  of  the  manner  in  which  the  mass  contained  in  the  spall 
envelope  is  distributed  spatially  shows  qualitative  similarities  to  the  particle 
number  distributions  derived  previously  for  norrnal  incidence,  from  which 
the  inference  is  drawn  that  spall  particle  size  is  not  particularly  deperident 
upon  the  space  coordinates. 

By  use  of  a  flash  x-ray  system  for  determining  residual  projectile 
velocity  and  a  ballistic  pendulum  for  target  impulse  studies,  values  of  total 
target- spall  momentum  have  been  obtained.  Photographic  determination  of 
average  exit  velocities  of  spall  and  projectile  particles  has  led  to  further 
applicability  of  a  particle  residual  velocity  formula  developed  in  earlier 
studies . 


The  photographic  determination  of  the  velocity  distribution  of 
individual  ejecta  particles  indicates  that,  for  scaled  systems,  the  velocity 
distributions  are  similar  in  that  both  the  maximum  spall  velocity  and  the 
velocity  of  the  maximum  percentage  of  the  total  number  nearly  coincide. 

Analysis  of  results  has  also  shown  that,  for  the  non-deforming  pro¬ 
jectile,  the  residual  projectile  velocity  and  target  impulse  can  be  predicted 
on  the  basis  of  a  eirrude  mathematical  model. 
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Most  recently,  the  thin  tiirgct  studies  were  extended  to  include 
experiments  featuring  projectiles  of  the  JlltL,  inhibited -jet  type  at  impact 
velocities  of  V,  5  km/sec,  lamited  data  obtained  for  spall  systems  with 
aluminum,  magnesium  and  steel  targets  indicate  : 

The  distributions  for  spall  numbers  and  mas  s  es  ivre  similar 
to  those  obtained  with  the  lower  velocity  projectiles,  i.  e.  ,  maximum 
density  occurs  at  the  center  of  impact  and  diminishes  radially  outward, 
Spall  particle  size  continues  to  increase  markedly  with  increase  in  target 
thickness  .  The  target  perforation  and  spall  diameters  vary  with  thickness 
and  material  in  a  manner  qualitatively  similar  to  results  obtained  with  5 
km/sec  projectiles. 

Studies  with  the  9.  5  km/sec  inhibited  jet  projectile  are  being 
continued  with  several  target  materials  for  extension  of  previously  derived 
target  and  spall  momentum  relationships. 
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SUMMARY 

Perforation  of  composite  targets  with  spherical  pro¬ 
jectiles  of  known  mass  and  velocity  fired  at  different 
angles  was  emphasized.  In  order  to  better  establish 
correlations  of  the  impact  effects  on  various  ablative 
materials  and  to  analyze  the  results,  both  velocity  and 
energy  range  of  the  projectiles  were  varied.  Approximately 
45  experiments  were  conducted,  with  saboted  steel  and  nylon 
spheres  having  velocities  between  3-6  km/ sec.  The  material 
impacted  were  laminated  and  random-chopped  phenolic  re- 
frasil  and  nylon  and  G.E.  Series  124A.  Back-up  materials 
were  1/4-inch  thickness  aluminum  and  magnesium  for  the 
phenolics  and  1-inch  aluminum  honeycomb  for  the  124A. 
Correlations  of  the  hole  size  with  target  thickness  and 
composition,  projectile  energy,  velocity,  size  and  density 
were  examined  for  each  of  the  composite  targets. 
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INTRODUCTION 

The  purpose  of  the  work  presented  is  to  determine  the 
impact  effects  on  ablative  materials  and  re-entry  vehicle 
structures  from  hypervelocity  impact  with  compact  pro¬ 
jectiles  of  various  densities,  for  example;  aluminum,  steel 
and  uranivim.  Analytical  means  will  be  used  to  explain 
the  experimental  results  and  to  correlate  significant 
parameters  so  that  accurate  and  reliable  Impact  predictions 
can  be  made,  These  data  provide  part  of  the  information 
needed  for  determining  the  feasibility  of  defeating  an  enemy 
ICBM  by  fragment  impact. 

PROGRESS 


The  impact  experiments  for  this  quarter  are  summarized 
in  Table  II.  Table  I  is  a  list  of  hole  areas  and  equivalent 
perforation  diameters  with  the  corresponding  Round  Nos.  for 
data  previously  reported  in  progress  reports  No.  9  and  11. 

The  projectiles  were  saboted  steel  and  nylon  spheres.  The 
composite  targets  were  GE  124A  and  phenolic  refra.sil  and 
phenolic  nylon  bonded  to  0.25-inch  aluminum.  The  impact 
results  and  the  correlations  that  have  been  obtained  for  each 
material  are  discussed  separately.  Figures  1,  5,  6,  7  show 
the  best  correlations  that  have  been  obtained  at  this  time. 

In  the  next  annual  report  curves  will  be  fitted  to  the  best 
data  correlations  that  exist  at  that  time  so  that  the  impact 
results  for  different  materials  can  be  compared.  In  these 
figures  Round  Nos,  are  written  above  each  data  point.  With 
this  identification  number  and  referring  to  Tables  I  and  II 
in  this  report  and  similar  tables  in  progress  reports  No.  9 
and  11  all  the  conditions  under  which  the  data  were  obtained 
can  be  determined. 

Astrolite 

The  laminated  and  random-chopped  refrasil  phenolic 
materials  that  were  impacted  this  quarter  are  listed  in 
Table  II.  The  back-up  material  was  0.25- inch  aluminum.  The 
projectiles  were  primarily  1  and  2-gram  steel  spheres  with 
velocities  ranging  from  3  to  5,8  kin/sec.  Figure  1  is  a  graph 
of  the  equivalent  hole  diameter  D  in  the  ablative  vs  impact 
energy  per  unit  of  ablative  thickness  for  all  the  astrolite 
data  that  has  been  obtained  at  NRL.  The  laminated  and  random- 
chopped  molded  types  are  designated  by  triangles  (A)  and 
circles  (0)  respectively.  The  data  shown  represent  a.  wide 
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range  of  conditions.  The  ablative  thicknesses  were  varied 
from  1/2  to  2-inches.  The  back-up  materials  were  primarily 
aluminum  with  some  steel.  Back-up  thicknesses  varied  up  to 
0.25-inch.  The  projectiles  were  steel,  aluminum  and  plastic 
(Lexan)  spheres  and  cylinders.  All  projectiles  except  the 
plastic  were  saboted.  Impact  angles  varied  from  90°  (normal 
Impact)  to  15°.  Projectile  velocities  covered  a  range  from 
approximately  3  to  7  km/ sec;  masses  from  1  to  15  gm.  This 
corresponds  to  impact  energies  of  10  to  350  Kj .  Considering 
this  wide  range  of  impact  conditions  the  correlation  appears 
good.  A  least  squares  curve  will  be  fitted  to  this  data  or 
improvements  of  it  in  the  next  report. 

No  consistent  difference  can  be  seen  in  the  perforation 
diameters  for  the  laminated  and  random-chopped  types  of 
Astrolite,  However  there  is  a  difference  in  the  front  spall 
characteristics  of  the  two  types.  As  shown  in  Figure  2 
the  front  spall  area  in  the  laminated  material  is  not  much 
larger  than  the  perforation  area.  In  contrast  to  this,  the 
spall  area  of  the  random-chopped  astrolite  is  substantially 
larger  than  the  perforation  area.  The  similarities  and 
differences  in  the  spall  characteristics  for  the  astrolite 
and  phenolic  nylon  are  pointed  out  in  the  discussion  of  the 
impact  results  of  the  phenolic  nylon. 

In  the  impact  experiments  with  the  phenolic  refrasil 
material  the  back-ups  usually  came  off  the  back  of  the  ablative 
material  during  the  impact.  This  material  was  procured  with¬ 
out  back-ups .  Bonding  was  done  in-house  with  a  very  thin 
bond  of  glue.  In  contrast  to  this,  the  back-ups  stayed  on 
the  ablative  materials  that  were  received  with  the  back-ups 
bonded  to  the  ablative  material  by  the  manufacturer  with  a 
type  of  rubbery  bond,  These  bonds  were  approximately  1/ 16- 
inch  thick. 

Phenolic  Nylon 

The  impact  results  for  the  phenolic  nylon  material 
obtained  during  this  quarter  are  listed  in  Table  II.  The 
targets  were  laminated  and  random-chopped  phenolic  nylon 
with  0.25-inch  thick  aluminum  and  magnesium  back-ups.  The  ve¬ 
locities  for  the  1  and  2  gm.  steel  spheres  were  varied  between 
3  and  5  km./ sec  in  order  to  establish  a.  basis  for  correlation. 
The  changes  in  the  impact  results  are  more  erratic  than  for 
the  astrolite  material,  causing  considerable  difficulty  in 
the  analysis  of  results.  An  example  of  this  inconsistency  is 
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shown  by  the  results  from  Rounds  4-851  and  4-852,  see 
Table  II,  and  Figure  3.  These  two  targets  appeared  to  be 
the  same  in  all  respects.  impacts  were  made  with  a  i/4-inch 
steel  sphere  at  approximately  15,500  ft/ sec.  As  can  be  seen 
in  Figure  3  the  hole  diameters  are  very  different.  There  is 
no  quantitative  explanation  of  these  results  at  this  time. 

These  differences  may  be  due  partly  to  the  inhomogeneous 
nature  of  the  material  and  the  orientation  of  the  random- 
chopped  squares.  It  is  felt  that  these  erratic  results 
will  diminish  as  the  velocity  and  energy  levels  are  in¬ 
creased. 

Another  difference  that  has  been  observed  between  the 
laminated  and  random-chopped  squares  is  the  shape  of  the 
front  spall  cavity.  For  the  random-molded  phenolic  nylon  the 
depth  of  the  spall  cavity  varies  in  a.  gradually  increasing 
amount  from  the  outside  of  the  spall  cavity  toward  the  center 
of  the  perforation.  The  type  of  spa.!!  cavity  left  after 
impa  ct  into  the  laminated  material  is  more  sharply  defined. 

The  depth  of  the  cavity  is  more  nearly  constant  from  the 
outside  of  cavity  toward  the  center  where  the  perforation  is 
located,  see  Figure  4.  These  spall  characteristics  for  the 
random-chopped  phenolic  nylon  are  very  similar  to  the  random 
chopped  astrolite.  The  type  of  spall  produced  in  the  laminated 
astro lite  is  different  than  the  spall  cavity  left  in  the 
laminated  phenolic  nylon.  An  example  of  this  can  be  seen  by 
comparing  Figure  2a  with  Figure  4a. 

The  recovered  front  spall  pieces  that  are  shown  in 
Figure  3c  are  often  observed  from  low  energy  impacts  into 
the  random-chopped  materia  Is .  The  resulting  shock-wave 
intensities  from  impact  are  not  large  enough  to  completely 
disintegrate  the  front  spall  pieces  but  are  intense  enough  to 
fracture  the  material  around  the  perforation  and  loosen  large 
pieces  of  spall.  The  small  hole  where  the  projectile  entered 
the  material  is  clearly  discernible. 

A  correlation  of  the  equivalent  perforation  diameter  in 
the  ablative  vs  energy  per  unit  thickness  of  the  ablative  for 
all  the  phenolic  nylon  data  is  shown  in  Figure  5.  Further 
work  is  necessary  in  order  to  make  the  results  more  definitive. 
Although  various  modifications  to  this  correlation  have  been 
tried  e.g.  normalizing  the  hole  diameter  or  hole  area,  none  have 
been  successful.  Other  correlations  such  as  hole  diameter  vs 
impact  velocity  have  not  yet  resulted  in  anything  significantly 
better . 
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GE  Series  124A 


A  summary  ot  the  impacts  into  the  124A  material  with 
nylon  and  steel  spheres  is  shown  in  Table  II.  The  1/4" 
diameter  nylon  sphere  (0.1560  gm)  impacting  at  90°,  did 
not  perforate  the  composite  target  for  velocities  up  to 
6.58  km/sec  (rounds  5-3“60  to  5-3-67).  The  7/16"  ablative 
material  was  perforated  at  a  velocity  of  about  4.6  km/sec 
(see  round  number  5-3-64).  The  projectile  was  still 
visible  in  the  bottom  of  the  crater  after  impact  in  round 
nvimbers  5-3-60,  61,  62.  The  projectile  was  removed  from 
the  bottom  of  the  crater  in  the  ablative  material  for 
round  number  5-3-62  and  the  weight  of  the  nylon  sphere 
was  about  the  same  as  before  impact.  It  could  be  seen 
from  visual  inspection  that  part  of  the  projectile  was 
composed  of  ablative  material  fuzed  to  the  original 
nylon.  Although  the  nvlon  sphere  did  not  perforate  the 
back-up,  the  associated  impact  in  rounds  5-3-66,  67  did 
loosen  the  last  aluminum  plate  in  the  honeycomb  sandwich 
from  the  honeycomb  for  more  than  half  the  surface  of 
contact. 

Correlations  of  the  projectile  parameters  and  the 
impact  results  on  this  material  are  not  complete;  however 
comparison  of  the  equivalent  hole  diameter  in  the  ablative 
vs  impact  energy  per  ablative  thickness  is  shown  in 
Figure  6  for  all  the  steel  sphere  impacts.  The  results 
show  that  the  impact  effects  for  this  material  are  more 
dependent  on  the  impact  angle  than  are  the  phenolic 
materials.  It  was  pointed  out  in  Progress  Report  No.  11 
that  for  the  data  obtained  up  to  that  time  the  angle  of 
impact  did  not  make  a  large  difference  in  the  diameter 
of  the  perforation  as  long  as  the  energies  were  above 
the  minimum  perforation  value.  This  is  still  true  for 
the  phenolic  materials  but  not  for  the  124A  material. 

In  this  material  both  minimum  perforation  and  the  hole 
diameter  are  dependent  on  the  angle  of  impact.  Quali¬ 
tatively  this  can  be  regarded  as  a  tendency  for  the 
projectile  to  glance  along  the  surface  of  the  material, 
which  would  tend  to  increase  the  impact  area  and  increase 
the  hole  size',  especially  if  the  material  is  brittle 
like  124A.  An  example  of  this  smearing  out  of  the  area 
of  impact  is  shown  in  Progress  Report  No.  11,  Figure  9, 
for  a  30°  impact  into  plexiglas.  Some  size  effect  de¬ 
pending  on  the  angle  of  impact  will  have  to  be  used  to 
correlate  this  data  for  impacts  which  are  not  90°. 
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Figure  7  is  a  comparison  of  the  equivalent  hole  diameter 
in  the  ablative  material  vs  impact  velocity  for  90° 
impacts  with  1/4"  steel  and  nylon  spheres.  Round  Numbers 

1"?-q  fn  1-7-18  wprp  1Tnnar'^s  nf  rbis  IaTI  ^b  1/4-iprh 

steel  spheres  at  velocities  from  3.86  to  5.57  km/sec. 

The  steel  spheres  completely  perforated  the  target  at 
all  of  Llie  veluciLies  iu  this  range. 

Although  the  penetration  characteristics  of  the  steel 
and  nylon  spheres  are  considerably  different  it  can  be  seen 
that  the  resulting  hole  size  in  the  ablative  using  these 
two  types  of  projectiles  is  similar  when  compared  at  the 
same  velocity.  This  result  is  also  shown  by  the  impact 
data,  on  the  phenolic  refrasil  materials  with  steel  back¬ 
ups.  (see  Figure  1  round  nos.  1-1-32  and  1-1-65).  The 
hole  size  using  these  two  plastic  (Lexan)  cylinders  is 
compared  with  the  data  for  steel  projectiles  although  the 
steel  back-ups  were  not  perforated  in  either  case  by  the 
plastic  cylinders. 

CONCLUSIONS  AND  FUTURE, PLANS 

The  best  correlation  that  has  been  obtained  for  all 
three  groups  of  materials  is  an  impact  energy/unit  thick¬ 
ness  of  ablative  vs  hole  size  in  the  ablative.  Other 
correlations  which  have  been  briefly  examined  have  not 
been  satisfactory.  These  were  correlations  of  ablative 
perforation  area,  normalized  ablative  hole  area,  and 
diameter  vs  projectile  impact  velocity,  energy  and 
momentum.  The  hole  diameters  in  the  124A  material  are 
dependent  on  the  angle  of  impact,  increasing  as  the  impact 
angle  decreases.  A  correlation  of  impact  velocity  vs 
equivalent  perforation  diameter  in  the  ablative  was 
obtained  for  normal  impacts  (90°)  with  the  1/4"  steel  and 
nylon  spheres.  Various  ways  of  accounting  for  the  larger 
holes  in  the  124A  material  at  impact  angles  of  less  than 
90°  were  attempted,  but  were  not  satisfactory.  In  the 
annual  report  a.  least  squares  fit  will  be  used  on  the  data 
for  each  group  of  materials  with  the  best  correlations 
which  have  been  obtained. 

No  consistent  difference  has  been  noted  so  far  between 
the  equivalent  perfora.tion  diameters  in  the  laminated  and 
random -chopped  squares  phenolic  materials.  The  front  spall 
cavity  is  larger  than  the  ablative  hole  diameter  for  the 
random  chopped  astrolite  a.nd  phenolic  nylon,  and  the 
laminated  phenolic,  nylon.  In  contrast  to  this  there  is 
not  much  of  a  front  spall  cavity  in  the  laminated  astrolite 
for  most  of  the  impact  experiments. 
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Approximately  35  impact  experiments  are  planned  for 
the  next  quarter.  The  targets  will  be  primarily  Astro lite 

*.i  -1  .1  1  ....  -  ml..  ..  ........ li»«s  «««.  4  M 

WiU-ll  OLtr.Cl.  uaClX—LUJO  •  JUliC-  pi.OJC  wj.4.4.  u'v.  u- a.  vmu  ^ 

steel  and  uranium  spheres  and  cylinders.  The  projectiles 
will  have  velocities  of  6-7  km/sec  and  masses  up  to 
10  grams.  The  emphasis  will  be  to  more  clearly  define 
the  effects  of  projectile  density,  mass  and  velocity  on 
the  hole  size  in  the  ablative  materials. 
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TABLE  I  -  HOLE  DIMENSIONS  FOR  PREVIOUSLY 
REPORTED  NRL  B.NTA 


Round  No. 

A 

cm^ 

D 

a 

cm 

5-3-16 

1.48 

1.37 

5-3-18 

3.35 

2.07 

5-3-20 

1.35 

1.31 

5-3-24 

25.55 

5.70 

5-3-25 

31.16 

6.30 

5-3-28 

29.74 

6.15 

4-784 

26.32 

5.79 

4-785 

28.13 

5.98 

4-797 

2.52 

4-734 

5-3-4 

5-3-2 

5-3-7 

4-736 

4-421 

6.23 

2.82 
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Snrall  pieces  of  ablative  material  broke  off  before  perforation  Bsasinreaects  were  nade. 

Piece  of  ablative  material  just  about  broken  out.  Large  dia.  Beasuresent  taken  to  edge  of  hole  as  If  the  piece  bad  broken  out. 


SECRET 


SECRET 


D13 


SECRET 


Fig.  1  -  Hole  size  vs  impact  energy  per  unit  of  ablative  thickness  for  phenolic  refrasil 
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F'igurc  ii(a)  -  Round  No.  4-865  I2''x  12"x  1* 
Luniiiiali’cl  Ast rolitc- with  a  0,2  6"  Al.  back¬ 
up  ini  pa  c  led  at  90'^  with  a  5-16"  steel 
sphere  (2.04  gm)  at  a  velocity  of  5,037 
km /see. 


Figure’  2(b)  -  Round  No.  4-866  12">:  12'x  1" 
Random  Chopped  Squarc.s  Astrolitc  with 
a  0,2  5''  Al.  back-uj?  impacted  at  90”  with 
a,  5-16'  steel  sphere  (2.04  gm)  at  a  veloc¬ 
ity  of  4.970  km /sec. 
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3(a)  Top  Front  4-851 


3(a)  Top  Rear  4-851 


Figure  3(a)  -  Round  No.  4-851  12">:  IZ"';  1"  Random  Chopped  Squares 
Phenolic  Nylon  with  a  0.Z5  Mg,  back-up  impacted  at  90°  with  a  1/4" 
steel  sphere  (1,045  gm)  at  a  velocity  of  4,75  km/soc. 


3(b)  Top  Front  4-853 


3(b)  Top  Rear  4-852 


Figui'c  3(b)  -  Round  No.  4-852  IZ'x^  12''?<  1"  Random  Chopped  Squares 
Phenolic  Nylon  with  a  0.25"  Mg.  back-up  impacted  at  90°  with  a  1/4" 
steel  sphiTC  (1,045  gm)  at  a  velocity  of  4,75  km/sec. 


B15 


SECRET 


Figure  3(d)  -  Round  No,  4-851  and  4-852.  0.25"  thick  25  Aluminum 
witness  plates  piaceU  10"  behind  target. 
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Figure  4(a)  -  Round  No.  4-871, 
]Z  IZ"^  T'  Laminated  Phenolic 
Nylon  wit:h  n  0.25"  Al.  back-up 
impacted  at  90  °  with  a  5/1  (i'‘ 
steel  sphere  (2,.04  gm)  at  a  ve¬ 
locity  of  5.0  km /sec. 


Figure  4(b)  -  Round  No.  4-867. 
I2“x  IZ“>-  1"  Random  Chopped 
Squares  Phenolic  Nylon  with  a 
0.25  Mg,  back-up  impacted  at 
90°  with  a  5/16"  steel  sphere 
(2,04  gm)  at  a  velocity  of  4,54 
km / sec  , 
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Fig.  6  -  Hole  size  vs  impact  energy  per  unit  of  ablative  thickness  for  G.  E.  124A 
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PROBLEM  STATUS 


This  is  a  Quarterly  Technical  Progress  Report. 
Work  on  this  Project  is  continuing. 
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SUMMARY 

Preliminary  work  in  structural  analysis  ot  tne  mk  iv 
nose  cone  impacted  with  253-gm  Lexan  cylinder  at  5.6  KM/ Sec 
indicates  that  about  or  more  of  the  projectile  energy 
was  transmitted  to  the  remaining  portion  of  the  structure. 
This  1%  appears  sufficient  to  account  for  the  severe 
delamination  of  about  50%  of  the  ablative  material.  Trans¬ 
verse  wave  propagation  as  indicated  by  breakaway  of  a 
light  shield  appears  to  be  the  mechanism  for  the  major 
portion  of  energy  transferred  to  the  structure. 

Improvements  in  large  gun  accelerator  techniques  are; 
the  development  of  a  ring-seal  type  sabot,  the  improvement 
of  the  NOL  petal  valve,  and  the  development  of  a  low- 
friction,  hydraulic  piston. 

Future  impact  studies  and  instrumentation  are  dis¬ 
cussed. 
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INTRODUCTION 
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gun  (1,  2)  was  started  in  early  March.  The  objective  of  this 
program  is  to  study  the  effect  of  large,  dense,  concentrated 
and  distributed  masses  on  impact  damage. 

Observations  on  the  structural  aspects  of  impact  damage 
is  reported.  Much  of  the  analysis  of  the  damage  on  the  first 
target  has  been  done  during  this  period  for  purposes  of  deter¬ 
mining  the  type  of  instrumentation  needed  in  the  structural 
and  distributed  mass  studies. 

Areas  where  improvements  have  been  made  in  the  accelerator 
are  also  discussed. 

IMPACT  ANALYSIS 


Optical 

A  Fastex  framing  camera  was  mounted  to  view,  during 
impact,  an  elliptical  sector  of  the  Mark  IV  nose  cone  with 
the  major  axis  of  about  30  Inches  and  minor  axis  of  about 
20  inches.  Figure  1  is  a  schematic  plan  view  of  the  Mark  IV 
target  in  the  target  chamber.  The  front  of  the  target  was 
suspended  by  means  of  cushioned  studs  welded  into  the  chamber 
wall.  The  rear  was  hung  by  a  cable  suspension  to  overhead 
rings.  Impact  was  planned  on  the  cylindrical  section  6-inches 
ahead  of  the  main  steel  reinforcing  ring,  which  connects  the 
cylindrical  section  to  the  first  conical  section.  The  forward 
tip  of  the  viewed  section  is  approximately  the  same  distance 
from  the  reinforcing  ring  and  90®  from  the  impact  point.  A 
1-inch  thick  celotex  light-shield  was  placed  completely  around 
the  impiact  area.  The  exposed  areas  were  sealed  with  tape  to 
avoid  overexposing  the  film  during  the  early  phases  of  Impact. 

Figure  2  is  a  sectional  view  of  the  target  at  the  point 
of  impact.  The  sector  viewed  by  the  overhead  camera  and  the 
section  of  the  impact  flash  shield  are  also  shown.  Of  par¬ 
ticular  interest  is  the  arc  length  (14.3  inches)  from  the 
impact  point  to  the  taped  joint  topside  of  the  upper  flash 
shield. 

Color  film  was  used  to  gain  an  idea  of  the  color  of  the 
major  visual  radiation  from  the  impact  as  well  as  to  gain  some 
idea  of  the  velocity  of  the  gas  particles.  The  faster  the  gas 
jets  and  dust  particles  travel,  the  nearer  the  radiation  from 
the  residue  air  wake  approaches  the  ultraviolet  region. 
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The  first  view,  Figure  3,  is  taken  at  the  start  of  target 
impact  by  impact  flash  seeping  around  the  loose  taped  joints. 

In  the  colored  photo  of  this  phenomenon  the  almost  blue  light, 

_ j. _jj _  c  ^  -  r .  ..-j_ _ _ _ _  A  ^  ^  £  A _ _ 
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impact,  was  noted.  The  squa.res  on  the  viewed  section  are  of 
two-inch  size,  and  the  marked  area  (viewed  section)  is  only  a 
small  sector  of  the  target  which  is  too  large  for  full  coverage. 

In  the  next  frame  (not  shown),  160  micro-seconds  later, 
the  light  had  already  decayed  below  visibility,  except  for  a 
small  area  at  the  forward  part  of  the  viewed  section  which 
flowed  yellow  from  gases  which  were  flowing  through  a  break¬ 
away  from  the  taped  shield  and  taxget. 

In  the  next  frame  (Figure  4)  320  micro-seconds  later,  the 
lower  edge  of  the  light  shield  and  contacting  target  had 
completed  its  break-up  exposing  large  areas  to  the  direct-view¬ 
ing  of  the  heated  gas  composed  of  the  lower  intensity  target 
dust  and  residue  target  chamber  atmosphere. 

In  the  upper  left  portion  one  notes  Iviminous  linear  streaks 
some  of  which  are  a  foot  long,  which  do  not  show  the  turbulence 
of  gas  flow.  It  is  believed  these  are  the  radiant  wakes  left 
by  particles  sprayed  back  from  the  impact  crater  and  traveling 
at  high  speed  through  the  rarefied  air. 

Considering  the  onset  of  edge-seal  break-up  as  occurring 
in  the  130-160  micro-second  period  between  frames,  one  can 
calculate  the  velocity  of  the  distutlbance  propagated  over  the 
14.3-inch  path  as  lying  between  2,27  km/sec  and  2.80  km/sec. 

The  measured  longitudinal  wave  velocity  lies  between  3.23  km/sec 
and  4.41  km/ sec  depending  upon  direction  of  propagation  in  the 
material  fibers.  The  transverse  wave  propagation  velocity  has 
not  been  verified  for  the  composite  sandwich.  The  velocity 
range  calculated  from  photographic  observation  could  be  that 
of  the ttansverse  wave  because  the  velocity  of  transverse  pro¬ 
pagation  is  considerably  lower  than  that  of  the  longitudinal  mode 

STRUCTURAL  ANALYSIS 


Evidence  of  structural  absorption  of  the  projectile  energy 
is  contained  in  the  ruptured  and  bent  structural  ring  member 
and  deformed  lips  around  the  hole  as  shown  in  Figure  5.  Analysis 
of  this  work  of  bending  shear  and  non-ela Stic  stretching  shows 
that  at  least  40  kilojoules  of  energy  was*  absorbed  in  perform¬ 
ance  of  this  work.  A  reasonable  assumption  is  that  this  defor¬ 
mation  energy  may  be  linearly  related  to  the  energy  actually 
transmitted  to  the  target  shell  structure  around  the  hole  which 
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was  responsible  for  the  severe  de lamination  observed.  The 
projectile  possessed  about  3,940  kilojoules  of  kinetic  energy. 
The  known  deformation  energy  is  a  little  over  1%  of  the  impact 
energy.  if  an  ecjuivaleiiL  amuuuL  uf  klucLlc  ciici'gy  icCched  the 
structure,  this  energy  in  potential  form  is  equivalent  to  load¬ 
ing  the  structure  with  14,000  kilograms  over  the  hole  area  with 
a  resultant  deformation  of  28  cm.  Such  deformation  would 
definitely  crack  and  delaminate  the  ablative  (Tape  Wound  Re- 
frasil).  Large  pieces  of  ablative  material  weighing  9.38  kg 
cracked  off  beyond  the  hole  area,  and  were  recovered.  This  is  a 
complete  breakoff  of  about  11.57o  of  the  ablative  surface  beyond 
the  hole  area,  which  is  3.0%  of  the  surface.  Loose  strips  com¬ 
prising  about  35%  of  the  surface  would  have  broken  off  quickly 
in  the  slipstream  around  a  re-entry  vehicle  during  flight. 

This  added  damage  could  be  the  result  of  structural  defor¬ 
mation  and  vibrations  and  is  an  aspect  of  damage  that  has  not 
been  observed  in  previously  controlled  flat-plate  experiments. 
This  aspect  of  damage  may  have  considerable  bearing  upon  the 
ability  of  an  impacting  mass  to  kill  an  incoming  missile. 

The  preliminary  study  adds  considerable  impetus  to  the  effort 
to  improve  the  instrumentation  upon  the  target.  A  break- 
screen  network  may  be  devised  to  analyze  the  wave  velocity 
behavior  in  an  impacted  structural  target. 


ACCEIERATOR  TECHNIQUE  DEVELOPMENT 


Large  Gun  Prototype 


Every  8. 2- inch  gun  firing,  involving  changes  which  may 
increase  gun  stresses,  is  duplicated  parameterwise  on  a  40-mm 
gun  whose  high-pressure  section  and  core  duplicate  in  1/5 
scale  every  detail  of  the  respective  sections  of  the  8. 2- inch 
gun.  The  high-pressure  case  and  high-pressure  core  are  shown 
in  Figure  6 . 


Parameters  similar  to  the  next  8.2-inch  gun  shot  selected 
for  the  prototype  firing  are  as  follows: 


Piston  Size 
tiitOn. 'Weight 
Projectile  Size 
Projectile  Weight 
Ring-Seal  Type 
Sabot 
Powder 


40-MM  Prototype 

1.63"0D  X  12" 

411.6  gm 
.5"  Al,  Sphere 
3.01  gm 


. 122  gm 
150-gm,20itim 


Propellant  Pressure  42,000  psi 


+  135-gm,40mm 


Driver  Gas 
Projectile  Velocity 


210  psi  H2 
19,000  fps 


8 . 2"LG-Gun 


8.2"OD  X  60" 
113.5  lb 
2.45"  Al  Sphere 
361  gm 

15.2  gm 
851b,  6"* 

40,000  psi 
210  psi  H2 
21,000  fps 


^  Propeilant  weight  increased  to  give  a.  greater  projectile  velocity. 
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A  feature  of  this  shot  was  the  ring-seal  type  of  sabot 
designed  to  give  a  lightweight  self-stripping  support  to  the 
1/2-inch  aluminum  sphere.  If  launch  tube  cross  sectional 
area  is  A,  sphere  cross-sectional  area  is  S,  sphere  mass  is 
M  and  sabot  mass  is  then  allowing  for  a  narrow  band  of 
ftiction  in  the  area  near  maximum  ball  diameter,  it  can  be 
shown  that  if 

<  A  -  S 

^  TTrjSJ 

then  sabot  and  ball  should  accelerate  together. 

To  make  the  sabot  light  as  possible  (about  4%  of  sphere  mass) 
there  must  be  little  clearance  between  ball  and  the  launch  tube 
bore.  A  ring-seal  sabot  was  developed  on  this  basis  for  the 
40-inm  prototype  as  shown  in  Figure  7.  Figure  8  shows  the 
half-inch,  3.01-gm  ball  stripped  of  the  sabot  material  as  it 
passed  the  velocity  stations,  2'  apart,  at  18,961  fps. 

Hydraulic  Piston 

One  feature  of  the  prototype  shot  was  the  addition  of 
packed  steel  wool  about  the  stem  of  the  hydraulic  piston, 

Figure  9,  to  add  the  piston  weight  needed  with  the  heavier 
projectile  and  to  keep  friction  and  distortion  down.  The 
packed  steel-wool  is  carefully  taped  so  that  the  wool  is 
separated  from  the  wall  by  a  layer  of  water.  About  307,  of 
the  piston  weight  is  plastic,  22%  steel-wool  and  the  remaining 
48%  water. 

Petal  Valve 


After  analyzing  the  results  of  the  first  shot  of  the 
8.2,  2.3-inch  hypervelocity  gun,  it  was  decided  that  the 
slider-type  break  valve  should  be  replaced  with  a  petaling 
diaphragm  valve .  (Figure  10) 

The  advantages  which  the  petal  valve  has  over  the  slider- 
valve  are:  the  break  pressure  of  the  petal  valve  is  unaffected 
by  pressures  applied  by  surrounding  core  parts;  the  opening 
and  opened  phases  of  the  petal  valve  nozzle  are  aerodynamica lly 
more  desirable;  there  is  less  tendency  to  close;  and  there  is 
a.  reduction  in  machining  time  and  cost.  The  disadvantage  of 
using  a  large  petal  valve  has  been  the  breaking  off  of  pieces 
of  valve  material  which  would  damage  the  projectile  and  launch 
tube . 
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A  dynamic  valve  tester  was  designed  which  would  duplicate 
the  valve  section  of  the  8.2,  2. 5- inch  gvin.  The  first  test- 
valve  was  made  using  the  NOL  design  parameters .  (3)  Examination 
after  testing  showed  a  ragged  break  which  seemed  to  be  inclined 
at  a  45-degree  angle,  (Figure  11)  The  total  mass-loss  by 
weight  was  2,95  grams.  The  second  test-valve  was  altered  from 
the  first  by  adding  a  small  control  line  at  the  bottom  of  the 
major  slots  with  the  hope  of  reducing  the  raggedness  of  the 
break  and  the  mass-loss.  Examination  after  the  shot  again 
showed  a  ragged  break  which  was  inclined  at  a  45  degree  angle. 
The  mass  loss  was  1.77  grams. 

After  two  valves,  whose  breaks  were  Inclined  on  a  45-degree 
angle,  it  was  concluded  that  the  material  was  failing  in  shear 
with  the  maximum  shearing  stress  occurring  on  the  cross-section 
inclined  at  45  degrees.  This  phenomenon  occurs  in  certain 
types  of  materials. 

From  the  above  observations  it  was  concluded  that  the 
failure  should  be  controlled  to  be  a  smooth  break  inclined  at 
a.  45  degree  angle.  This  was  attempted  by  putting  control  lines 
on  the  side  opposite  the  major  break  slots  off-set  at  a,  45- 
degree  angle.  Valves  from  the  third  test  were  measured  to 
determine  the  amount  of  plastic  deformation  before  the  start  of 
the  shear-type  of  failure.  From  the  deformation  measurements 
the  control  lines  were  relocated  at  an  angle  of  about  22  degrees 
measured  from  the  perpendicular  cross-section-line  through  the 
major  slot,  (figure  12) 

This  fourth  test  valve  functioned  as  desired.  The  break 
followed  the  control  lines  giving  a  smooth  break  with  no 
noticeable  pieces  missing  (Figure  13),  The  mass-loss  by 
weight  was  0.17  grams  or  0.01%  of  the  total  valve  weight.  The 
measured  break  pressure  was  75,210  psi  compared  to  the  desired 
break  pressure  75,000  psi.  The  functioning  of  test  valve  No.  4 
was  deemed  satisfactory  and  a  duplicate  will  be  used  in  the 
8.2,  2.5-inch  gun  for  shot  No.  2. 

FUTURE  WORK 


Instrumentation 

A  4'  X  4'  X  1  1/2"  ablative  target  with  1/4"  steel  back¬ 
up  is  being  set-up  at  90°  incidence  to  study  mass  scaling 
effects  on  thick  ablative  targets. 

Specific  instrumentation  planned  includes: 

(1)  Orthogonal  flash  X-ra.y  units  to  view  back  of  target 
after  the  steel  back-up  plate,  opens  up. 


SECRET 


B'6 


SECRET 


(2)  A  shadowgraph  system  to  obtain  velocity  of  petaling 
plal  e  after  impact  during  the  petalipg  action  of  the  back-up. 

(3)  Chronograph  screens  to  measure  the  velocity  of  the 
fastest  particle  as  it  proceeds  through  a  systein  of  screens 
set  at  various  points  in  a  maftex-plywood  witness  array  in 
which  particle  recovery  will  also  be  carried  out. 

(4)  Delicate  screens  will  be  placed  about  the  impact 
point  in  the  ablative  materials  to  study  the  wave  propagation 
velocity.  An  attempt  will  be  made  to  differentiate  between 
the  longitudinal  and  shear  modes  of  wave  propagation. 

(5)  Accelerometers  will  be  placed  in  the  areas  where 
they  will  not  be  damaged  to  get  a  better  idea  of  energy 
absorbed  by  the  structure. 

(6)  Two  new  vertical  viewing  systems  will  provide 
orthogonal  views  of  the  projectile  array  for  future  dis¬ 
tributed  mass  studies. 

Density  Effect  Study 

An  effort  will  be  made  to  use  the  ring-type  sabot  to  ac¬ 
celerate  dense  materials. 
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Figure  1 


Target  layout  of  shot  1  (8,2-inch,  2.5-inch  gun) 
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Figure  2  -  Vertical  section  through  Mark  IV 
target  at  impact  point 
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Figure  3  -  View  of  target  at  impact 
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Figure  5a  -  Structural  deformation  of  target 
in  impact  zone 
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Figure  5b  -  Structural  deformation  of  target 
in  impact  zone 
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Figure  6-40  mm  high  pressure  case  and  core  section 
(prototype  shot  for  2nd  8.2-inch  shot) 
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Figure  9  -  Weighted  hydraulic  piston 
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BEFORE  FUNCTIONING  AFTER  FUNCTIONING 

Figure  10  -  Photographic  view  of  petal  and  slider  valves  for 
8.Z-inch,  Z5-inch  HV  gun  (from  compression  tube  side) 
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Figure  13  -  Petal  valve  diaphragm  with  (iZ^control  lines 
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SUMMARY 


Experimentally  determined  beat  fluxes  cx25oriciK;ed  by  ;in  apfjaralus  designed 
to  simulate  a  punctured  reentry  vehicle  are  presented.  The  facilities  employed 
as  sources  of  high-enthalpy  gas  for  these  experiments  were  the  Avco  HAD 
hydrogen-oxygen  rocket  engine  and  the  Ten  Megawatt  (lO-Mw)  air  arc.  A 
correlation  of  jet  in’ii:)ingemcnt  heat-tran.sfo r  ratio.s  is  also  pri.'sentcul. 
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II.  AEROTHERMAL  PHASE 

EXPERIMENTAL 
1 .  Apparatus  and  Procedure 

The  apparatus  used  in  tlic  experimental  stiidios  of  internal  heating  of  a 
punctured  reentry  vehicle  was  dc'signed  to  sinuilatc  two  generic  families 
of  reentry  vehicles:  (a)  hemisphere -cone -cylinde  r-fla  re  vehicles  willi 
integrated  or  nonintegratccl  internal  structures,  and  (I3)  hemisphere  -  cone 
vehicles . 


The  hemisphere-cone  portion  of  the  apparatus,  employed  in  studying  inter¬ 
nal  heat  transfer  for  both  families,  was  ntachined  from  OFHC  (oxygen-free, 
high-carbon  content)  copper.  Tlie  hemisphere  had  an  internal  diameter  of 
4.  0  inches  and  was  tangent  to  the  conical  porlictn  of  this  section.  The  half- 
angle  of  the  conical  section  was  22.  5  degrees  tincl  it  had  a  base  diameter  i>f 
10.25  inches.  At  the  base  of  the  cone  there  was  a  short  cylindrical  section 
u'ith  a  length  of  0.  50  inch;  this  section  was  instrumented  with  six  insulated 
copper  calorimeters  in  a  common  pltine,  as  indicated  in  figure  1. 

.All  calorimeter  front  faces  are  flusli  with  tlii.'  inner  surface  of  the  section. 
The  axes  of  the  calorimeters  closest  to  tlie  base  plane  of  the  cone  are  at  an 
angle  of  22.  5  degrees  from  this  plane.  The  extension  of  the  centerlines  of 
these  two  calorimeters  intersects  thi'  axis  of  symmetry  of  this  section  in  the 
plane  of  the  base  of  tlie  cone.  The  location  of  each  calorimeter  in  this  sec- 
f'tion  is  given  in  table  1. 

The  cylindrical  portion  of  the  apparatus  was  constructed  from  standard 
stainless-steel  pipe.  The  outer  cylinder  liad  a  iengtit  of  I  6.  0  inches  and  tin 
internal  diameter  of  10.  25  inches.  This  section  was  instrumented  witli  fi\a- 
^insulated  copper  calorimeters  and  two  pressure  laps,  as  indicated  in  figure 
TK  The  location  of  each  calorimeter  is  givaui  in  Itiblo  1. 

The  case  of  a  vehicU'  of  the  hemisphere-cone-c\Tindi,'r-flare  configuration 
with  ,'i  nonintegrated  inlerntil  body  was  simulated  by  enclosing  a  cndindrical 
body  with  a  hemispherical  front  face  within  the  apparatus.  This  asseniljly 
was  aligner!  so  that  its  axis  of  symmetry  coincided  with  that  of  the  outer 
cylinder.  The  cylindrical  section  cjf  this  assembly  had  an  outside  diameter 
of  6.  625  indies  and  was  16.  50  inches  in  length.  It  \\,is  instrumented  w  ith 
three  calorimeters  as  indicated  in  figure  1.  Tlu'  lo<.'alii.)n  of  I'acli  calorim¬ 
eter  is  given  in  tabU-  1.  Tlie  bemi.splu- rival  front  face  of  tlie  .asseniblv  w  .is 
machined  froni  OFMG  copper  and  hatl  a  diameter  of  f>.  5n2  inches.  It  was 
inst  rumiMitcd  with  three  calorimeti- rs,  as  given  in  table  1. 


The  entire  apparatus  has  been  sealed  from  the  environment  by  welding  a 
plate  to  the  rear  of  the  inner  body  assembly.  A  section  of  the  entire 
assembly  can  be  found  in  figure  1. 

The  hemisphere-cone  section  of  this  apparatus  (see  figure  2)  was  em¬ 
ployed  in  the  study  of  internal  heating  of  vehicles  of  the  second  generic 
family.  This  was  accomplished  by  sealing  the  rear  of  this  section  with 
a  circular  flat  plate  instrumented  with  six  insulated  copper  calorimeters. 
Calorimeter  locations  were  at  the  center  of  the  plate  and  at  radial  dis¬ 
tances  of  1.  0,  2.  0  (two  calorimeters),  3.  0  and  4.  0  inches.  In  addition, 
the  plate  was  provided  with  five  pressure  taps  at  radial  distances  of 
0.  875,  1.  875,  2.  875  (two  taps)  and  4.  875  inches  from  the  center. 
Calorimeter  locations  are  tabulated  in  table  2. 

Two  large  threaded  holes  were  cut  in  the  base  of  each  generic  model  to 
provide  a  means  of  venting  the  apparatus;  vent  area  on  each  apparatus 
was  varied  by  inserting  plugs  with  various  hole  diameters  into  two  large 
threaded  holes.  The  vents  were  positioned  so  that  flow  within  the 
apparatus  would  be  symmetrical  in  nature.  With  this  system,  vent 
diameters  could  be  varied  from  0.  1875  to  1.05  inches, 

A  series  of  experiments  was  conducted  with  the  previously  described 
hemisphere-cone-cylinder  apparatus  using  the  Avco  RAD  hydrogen- 
oxygen  rocket  engine  facility  as  a  source  of  high-enthalpy  gas.  These 
experiments  were  performed  with  an  inlet  hole  diameter  of  0.  750  inches 
located  on  the  axis  of  symmetry  of  the  apparatus,  simulating  a  puncture 
at  the  stagnation  point  of  the  reentry  vehicle. 

The  apparatus  was  coupled  directly  to  the  rocket  engine  facility  at  a 
point  between  the  combustion  chamber  and  the  exit  nozzle,  as  described 
above.  The  passage  from  the  rocket  engine  and  the  apparatus  was 
sealed  with  a  gasket,  acting  as  a  rupture  diaphragm,  as  indicated  in 
figure  1. 

The  procedure  followed  in  conducting  each  test  is  presented  here.  Prior 
to  each  test,  the  enclosed  volume  of  the  model  was  purged  with  argon  to 
remove  any  residual  hydrogen  and  oxygen  from  the  system.  This  pre¬ 
caution  was  necessary  to  eliminate  any  combustible  gas  mixture  from 
the  model.  The  rocket  engine  was  prcloaded  with  hydrogen  and  oxygen 
to  obtain  the  desired  stagnation  pressure  and  combustion  gas  composi¬ 
tion.  The  engine  w'as  then  ignited  and  brought  to  stable  operating  condi¬ 
tions,  using  a  quick  start  procedure  (i.e.  ,  chamber  pressure  and  com¬ 
bustion  would  become  stable  in  less  than  0.  50  second).  During  this 
rapid  transition  to  stable  operating  conditions,  the  diaphragm  between 
the  apparatus  and  the  rocket  engine  ruptured  allowing  the  high-enthalpy 
combustion  products  to  enter  the  apparatus. 
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In  the  experiments  with  the  0.75-inch  diameter  hole,  data  acquisition 
system  limitations  made  it  necessary  to  restrict  instrumentiition  to 
nine  channels.  Pressures  recorded  during  cadi  test  were  chambc;r 
pressure,  box  pressure,  hydrogen  and  oxygen  line  pressures,  and  the 
pressure  in  the  pipe  directly  opposite  tlie  passage  into  the  apparatus. 
Hence  the  number  of  calorimeters  employed  in  each  test  was  a  maximum 
of  four.  .Due  to  interest  in  the  high  heiiting  rates  experienced  in  the 
vicinity  of  the  impingement  point  of  the  jet,  the  thermocouple  outputs 
recorded  were  those  at  stations  4,  15,  16  and  17  (see  table  1  for  cal¬ 
orimeter  locations).  Test  conditions  for  these  c.xpcr iments  arc  pre¬ 
sented  in  table  3. 

A  limited  number  of  tests  were  conducted  with  the  hemisphere-cone 
model  on  the  rocket  engine  facility  with  0.  50-incli  diameter  inlet  hole. 
Experiments  wore  conducted  with  the  system  \  ontod  and  unvented.  hi 
the  unvented  firings  the  response  time  oi  me  system  proved  to  be  so 
short  that  little  or  no  heating  was  experienced.  Vented  tests  were  con¬ 
ducted  with  vent-to-inlet  area  ratios  of  0.  945  tind  3.  7S.  Heat  flu.xes 
were  measured  at  all  calorimeter  locations  tind  at  positions  1  anci  4  on 
the  conical  portion  of  the  model  and  at  all  calorimeter  stations  on  the 
rear  plate.  The  internal  pressure  was  measured  at  a  radial  distance  of 
0.875  inches  from  tlie  center  of  the  b.'ick  plate.  Test  conditions  for 
these  e.xperiments  can  be  found  in  table  3. 

Attempts  were  made  to  measure  the  gas  temperature  v.ithin  the  appa.ratus 
in  several  of  the  previously  cited  experiments.  However  coiiduction 
losses  experienced  in  these  measurements  were  found  to  be  so  large 
that  the  thermocouple  output  'measured  was  unreliable. 

Ten  Megawatt  (10-Mw)  Arc  Tests 

A  number  of  tests  were  conducted  with  the  hemisphere -cone - 
cylinder  model  (figure  1)  with  a  0.  50-inch  diameter  inlet  hole  02i 
the  Avco  10-Mw  Air  Arc  Facility.  All  tests  considered  in  this  re¬ 
port  were  performed  on  an  unvented  .system. 

The  essential  components  of  the  10-Mw  multi-arc  heat,  include.-  a 
4-inch  diameter  plenum  chamber  into  which  four  2-Mw  plasma 
generators  e.xhaust  radially  and  one  exhausts  axially.  The  arc- 
heated  air  mixes  in  the  plenum  chamber  and  exliausts  axially  in  the 
si.xth  direction.  The  high-eiithalpy  air  passes  tlirough  a  water- 
cooled  transition  section  having  a  longtli  of  3.  0  inches  and  then 
through  a  10-incli  water  cooled  extension.  Downstream  of  the  ex¬ 
tension  was  an  uncooled  copper  tube  9.81  inches  in  length:  after 
passing  through  the  uncooled  section  tl'.e  high -o n tl'.alpy  air  flows 
throvigh  a  sdnii:  no/'./.le  and  e.xhausts  into  tlie  atmosphe  ri.- .  .7  pass.ige 
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W'itli  lUi  di tinii? t (' r  (li*  0.  *i(l  int'lu's  Wt'is  provided  Tor  j^-is  tlow 

from  Iho  uiiroolod  pipe  into  Ihi'  lest  app.i  rnUi.s.  L'liis  pass, 1(40  opens 

1,-,  O',  111,,  1 1  '  ,1,^  I  ,  w1  ..  .«  . 4: . I  .  1  4  -  I  1  41 

. . . ■ri"  -  . . 4, . "S.''  “14  ,14, ,1,1  ji,,.-, 

flow.  I  lu.'  ct' n te.  vl !. of  I  lie  pass.ii,;*.-  was  loealed  iit  ,i  disL.iiu  i’  oi 
6,75  inehes  from  the  iipslri-.ini  of  tlie  uneooled  pi)5e.  I'Iil'  |5ass.ip, 
Wc'is  a  total  dlstanee  of  Id.  75  inidies  fi’oni  the  pUniLiin  eh. 1 0 li le i' , 

I  he  inside  illami'ter  of  .ali  p.iac'es  rotweioi  tl:a  [ilenoni  t  h/nnlHo  .aad 
the  exit  nozzle  was  1.  ,25  inehes. 

The  aetiial  proeedure  employed  in  the  expei-imi-ntal  te.sls  is  fie - 
scribed  here,  .'Vre  operating  conditions  (i.  e.  ,  g,as  flow  rates,  ex- 
liiuist  no'/.zle  dhinietf'r,  an<l  power  to  each  are)  wliieh  \Vi,'ri'  requirefl 
to  obtain  a  di'sireil  plenum  pressure  .and  gas  enthalpy  were  deter¬ 
mined  from  arc  data  recorded  in  previous  experiments.  l-'rinr  to 
firing  tile  arc,  g.as  flow  rale  tlirough  the  .sy.stcm  w;i.s  .idjusted  to 
tile  desired  value  .mcl  recorded.  ,‘\fler  gas  flow  stahiliz.iLion,  the 
power  breaker  w.as  elosed.  The  ares  between  the  carhon  catliodes 
and  water-cooled  eo[))jer  ,ino<les  were  iniliated  ity  means  of  ;i 
tungsten  wire  strung  tlirough  holes  iu  tlu;  c.ilhofle  and  eont.u’liiig 
tile  ailoile.  The  air  was  injected  tangeuti.aliy  into  each  arc  chanibi’J' 
and  was  hoaied  ton  high  temper.iture  by  pas.sing  through  the  swirling 
tire.  .Steady- state  values  of  arc  current,  voltage  and  plenum  pres¬ 
sure  were  obtained  In  appro.xiimile  ly  I  second  after  llio  .slarl  of  Hk' 
exporinumt.  .Steady  stale  operating  eoudllions  for  lliese  e.xperi- 
mo.nts  are  labidatod  iu  table  4. 

As  was  the  ca.se  in  thi-  unvented  experiments  on  the  rocket  engine 
facility,  a  gasket  was  placed  across  Ihc  p;iss;ige  between  the  motlel 
and  the  main  gas  flow.  The  sudden  rise  in  plenum  pressure  wlileli 
oecurecl  when  the  arc  was  fired  catused  the  diaplirtigm  lo  ruplure 
allosving  hlgh-cntli.'ilpy  air  to  flow  into  the  ,  .jparatus. 

2.  Kxpe riniental  Results 

a.  Hydrogen-Oxygen  Rocket  lilngino  lllxpe  riments 

Experimental  heal  flu.xe.s  obtained  in  the  tests  eondueted  on  the 
rocket  engine  facility  with  the  vented  hemisphe  re -cone -eylinde  !• 
apparatus  were  similar  in  niilure  lo  those  reported  in  reference  I 
for  the  0.  50-inch  diameter  inlet  hole.  In  gener.il  the  re.sponse  of 
the  apparatus  was  more  rapid  witli  the  0.75-ineli  dhimeter  inlet 
hole  and  heating  was  more  severe  ,it  given  values  of  pipe,  .md  box 
pressure.  For  exanifjle,  at  ,1  ch.mdier  pressure  of  approxiniali'iy 
85  p;  la  and  a  box  pressure  of  55  psi.i,  the  measured  heat  flu.\  ;it 
the  apex  of  Llie  inner  body  w.as  Z75  l.Uu/ft“-see  and  600  iltu  /  ft  -  se  e 
foi'  inlet  hole  diamelers  of  0,  50  and  0.75  ineh,  respeetively ,  With 
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n  fixed  distance  of  llie  calovimeti' r  froni  llie  ol'Luiu  of  jel,  inc  ihm  s  iiij^ 
the  jet  diameter  resulted  in  a  decre.iseil  je  L- length -to -dia  me  ter 

"  '1  *  '  C  T-1 1  \  1-v  t  It  '*  «  I «  »  n  1 1  '1  {  w\»T  «  \  f  1m  t  t  It  5  <  .  1  t  / 1 %  I  »  i  f  ■  J  f  t ;  i  iir I  i  >  »t  1  It  •  i  1  t  t t>  ■  ,  t.- 

loss  pronounced  witli  the  larger  hole,  and  Jet  inipingenicnl  heatin;’, 
was  more  severe. 

As  was  the  case  for  the  smaller  liole,  tin;  stagnatLoti  point  lieat  [Lux 
rose  to  a  paak  value  very  early  in  eacli  cxporinienf  and  tlien  de¬ 
creased  to  a  relatively  constant  value  for  times  longer  tlian  1. 
seconds  after  the  start  of  the  lest.  He.iting  conditions  at  the  three 
other  stations  monitored  in  these  oxpe riirients  I'cmained  relativeivr 
constant  witli  time  after  the  initial  transient.  The  maximum  heat 
flux  experienced  in  those  firings  was  1275  Btu/ft^-sec  at  a  chamber 
and  box  pressure  of  123.  2  psia  and  22.  7  psia,  respectively.  Mxperi- 
montal  lieat  fluxes  for  all  tests  conducted  with  the  0.75-imdi  diameter 
inlet  hole  arc  tabulated  in  table  5. 

The,  measured  pressure  witliin  the  system  exhibited  a  very  sharp 
poax  very  early  in  each  test.  Following  tliis.tlie  [ircssiire  dei'i'eascd 
to  a  relatively  low  value  in  a  time  ot  less  Hum  1.  5  seconds.  i'he 
internal  pressure  liistory  had  a  brief  transition  period  following 
this  local  minimum  and  then  inerensed  gradually  for  llio  remtiinder 
of  the  test  period. 

Internal  heat-transfer  rales  were  obtained  from  e.xpc'riments  on  the 
hydrogen-oxygen  rocket  engine  facility  with  the  liennsphe re -cone 
model  described  in  section  A.  1.  The  system  wa.s  instrumented 
witli  eight  transient  copper  calorinietc r .s  as  citcul  previously.  Pres¬ 
sures  recorded  continuously  daring  each  firing  were;  chamber 
pressure,  pipi'  pressure,  oxygen-and  hydrogen-line  pres.sures  and 
box  pressure.  The  pressure  within  the  tipparatus  was  measured  at 
a  point  0,875  inches  from  the  center  of  the  rear  plale. 

Since  it  was  found  that  there  was  little  or  no  response  in  the  system 
when  the  apparatus  was  run  in  an  unventeil  cimilition,'^  all  experi¬ 
ments  were  with  n  vented  model.  VonL-lo-inlet  area  r.alios  wierc 
0.  945  and  3.  78;  the  inlet  hole  had  a  diameter  of  t).  50  ine.h. 

Computed  heat  fluxes  obtained  from  tin.'  e.xpi’rimcntal  data  in  these 
tests  were  considerably  lower  than  those  e.xpe riencecl  under  eom- 
parable  ope  rating  conditions  (i.  e.  ,  charnljer  pressure,  inlernal 
prcs.sure,  and  inlet-hole  diaioele.r)  with  tlie  hemi,splK' re -cone- 
cylinder  apparatus.  Ome  again  Uiis  variation  in  heat  flux  at  the 
impingement  point  was  attributed  to  the  at  tiom.i  I  ion  of  jet  veioeity 
and  enthalpy  in  the  dislanee  from  the  inlet  lioU-  to  tiu'  calorimeter. 

In  the.se  experiments,  the  impingenuuil  point  was  a  (Instance  of 
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19.  3  diameter  a  clownstroam  of  the  jot  exit  plane  while  in  Ur;  oIIrm- 
model  the  maximum  distance  was  1  1.  7  diameters  with  a  0.  'iO-iiH  li 
inlet  hole, 

In  general  !  lie  re  was  litllo  variation  in  the  measiiri;d  lie, it  fliiN  with 
rarli;U  Histanc'O  on  the  instrnn^.entcd  rear  plate  of  the  app^i ra lu;.; 

(c.  g.  ,  tlic  flux  at  a  radial  distance  of  4.0  inches  was  novc'r  less 
than  30  percent  of  tlial  experienced  on  the  center  of  the  plate),  'i'lie 
response  of  the  system  following  breaking  of  the  rupture  diaphragm 
was  much  (he  same  as  that  noted  in  reference  1  for  the  iieniisphe  re¬ 
cone -cylinder  model.  Computed  hc'al  Chiv  for  .all  -  I  iliuns  on  the 
rear  plate  peaked  very  early  in  each  experinient  and  then  dropped 
off  fairly  rapidly  with  time.  Later  in  the  test,  heating  rates 
approached  a  steady  state  value  or  decreased  very  slowly  w'itli 
time.  An  example  of  the  above  flux  history  is  as  follows:  for  an 
experiment  with  an  average  chamber  pressure  of  107  experi¬ 

mental  heat  fluxes  at  station  A  (see  table  2  for  calorimeter  loca- 
tion)  W'crc  computed  as  2h0,  132,  155  and  160  Btu/ft‘'-sec  at  Limes 
of  0.  50,  2.  00,  4.00  and  5.00  seconds,  respectively, 

Pressures  recorded  wiiliin  the  apparatus  during  the  expe rin'ienls 
had  the  sarne  variations  with  time  as  described  in  previous  re¬ 
ports  3  concerning  \  jntecl  tests.  The  internal  pressures  liad  a 
very  pronounced  peak  early  in  time  and  then  dropped  off  rapidly 
with  time,  Following  a  local  minimum  in  the  internal  pressure, 
the  pressure  increased  slowly  with  time  for  tlie  remainder  of  the 
experiment.  Experimental  results  for  all  lest.s  conducted  with  the 
hemisphere -cone  model  arc  tabulated  in  table  6. 

b.  10-Mw  Unvented  Experiments 

In  conjunction  with  the  vented  tests  conducted  on  this  facility,  de¬ 
scribed  in  reference  2,  several  unvented  e.Kperintcnts  were  per¬ 
formed  with  the  hemisphere-cone-cylindcr  model. 

The  response  of  the  system  following  the  breaking  of  the  rupture 
diaphragm  W'as  similar  to  lliat  reptjrled  in  referi'iice  3  for  un- 
vented  experiments  conducted  in  the  hydrogen-o.xygen  rocket  engine 
facility.  Internal  and  e.xlernul  pressures  ec|uaU/.ed  in  a  short 
period  of  time.  In  all  cases,  lieat  fluxes  obtained  at  the  various 
stations  in  the  forward  portion  of  the  api^aratus  reached  a  peak 
value  very  early  in  time  and  then  (Uwreased  for  tlii.’  j'em,.uncii.' r  oL 
the  experiment.  Tlic  initial  peak  vuluee  occurred  at  a  time  when 
the  pipe  and  bo.x  pressures  were  not  equal,  i.  e,  ,  the  liigh-enthalpy 
air  entering  the  apparatus  was  in  the  form  of  a  liigli-veiocity  jet. 

At  later  times  tlie  heat  flu.xes  we're  of  lower  magnitude,  and  flow 
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into  Uu:  ap|).iriilus  was  cluponck'iil  on  enoi'j^y  and  material  lial.nu  a  i 
side  rati ons ,  As  i.ii  all  expi; riiiienls  emiductefl  to  date,  Ihi-  inm  i' 
severe  heating  eondilioiis  were  i’ spe  rie  iieml  in  tlu-  vitinity  el  llie  jet- 
i  ei  1  f»  i  n  o  e  tni '  n f  t  .1  ^ i  ti t  T  1 1 « ■  1  (  M  1 1  1  •  i- I -  >  a  j  .y  ,  , ,  I ; ;  ;■  i  ;  .  a.  t  ■  r  .  •  ill  dll 
eonical  portion  (.)£  tlu.'  apparatus  were  always  oi  preali.'!'  iiiaenitude  than 
Lliose  measured  in  the  cylindrical  section.  This  pin.' no  it  i  e  lion  was  a 
rc’suitoi  j;as  lempcraturi's  and  recireula  Lion  in  those  poi'liuns  of  the 
apparatus  which  surround  the  jet  ol'  hie,h-entha I  py  p.is. 

Experimental  results  obtained  in  all  unvenled  le.sts  c onilui  led  on  the 
10-Mw  facility  aiU'  presi'uled  in  table  7.  E-tperime  iita  1  pressiiri*  d.ita 
from  two  tests  (35S3  and  lohll  are  ciue.stionaljle  due  to  an  apiJ.irent 
shift  ill  the  Kero  point  of  the  Irausducers  employed  in  the  firines.  In 
some  expo rinienls  poor  resolution  of  llie  traces  obtained  ior  several 
calorimeter  stations  indicalocl  that  tltere  was  little  or  no  responsi.' 
during  the  tests.  Data  for  these  stations  are  indictited  hy  dashed  lines 
in  tabic  7 . 

AN.ALYSIS  " 


1 .  Stagnation  Point  Heating 


Several  attcrripts  wore  niadi'  to  corrolitlc  the  sUignation-point  heat  fluxeK 
from  the  two  sets  of  rocket  nuilor  tests  (HD  ■=  7.  8,  D/D  s  1  I,  7)  and  the  air 
arc  tests.  All  approaches  nincl'.'  use  of  the  Fay  and  Riddell  slagnal  ion- 
point  heating  expression: 
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The  flow  conditions  nt  the  stagnation  point  of  the  hemisphere  were  ctileulaled 
by  a  variety  of  procedures.  An  ontlino  of  these  nu-lhod.s  is  as  follost  s: 


a.  The  undcrox[)ancled  jets  wore  as.sunied  to  o.^pund  to  the  iseiitropic 
Mach  number  at  an  initiginary  distanoe  ;uul  etiidvaUml  clianieler  given 
by  Love  and  Rousso  in  reference  '1.  The  jet  was  then  assumed  to 
diffuse  according  to  Warren's  theory  with  Tyj^/'1’.|  ■-  Z.  0  (ratio  of 
initial  Jet-stagnation  leinperature  to  tunbient  teni|)er;ituri').  It  the 
computed  Mach  number  ;il  the  hemisphere  wa.s  greati.‘r  than  l.t',  a 
normal  shock  W'..s  asstinuul  and  idi'al  gas  relations  weri,'  I'misloyed  to 
compute  the  flow  properties  at  tlic  stagnation  jioint.  i'lie  lebn  ity 
gradient  was  tlien  assumed  inclependenl  of  iiressnre  ratio  and  propoi;- 
tionaf  to  the  c-aicuiafed  vi.'loeily  of  Uu'  jet  at  the  he n i  Lm |>lie  re  d  i \  i  ded  oy 
the  orifice  diamefer.  'I'lie  enthalpy  deeay  of  the  Jet  wa.s  assumed 
simil.ir  to  the.  total  temperature  decay  gi\en  by  Warren.  *  W  ith  this 
appro.xinial  ion  the  enthalpy  .at  llii'  \\;iil  lould  be  eslini.ated. 
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b.  The  undcrexpanded  jets  were  assumed  to  expand  to  the  isentropic 
Mach  number  and  area  ratio.  A  normal  shock  was  then  assumed  to 

the  shock  were  used  to  initiate  a  jet  decay  as  given  by  Warren,'^  The 
enthalpy  decay  and  velocity  gradient  were  approximated  as  described 
in  method  (a.  ). 

c.  Measurements  of  the  stagnation  pressure  indicated  that  the  pro¬ 
cedures  used  in  methods  (a.)  and  (b.  )  falsely  predicted  tlic  stagnation 
pressure  at  large  pressure  ratios.  To  improve  the  correlation,  the 
stagnation  pressure  was  taken  from  the  correlation  shown  in  figure  3. 
The  jet  Mach  number  used  to  compute  the  velocity  gradient  was  taken 
as  the  Mach  number  indicated  by  the  static-to-stagnatioir  pressure 
ratio  for  y  -  1.23,  The  enthalpy  attenuation  was  computed  as  described 
in  method  (a.  ). 

d.  The  results  of  the  above  attempts  at  correlation  indicated  that  the 
heating  was  more  strongly  a  function  of  the  pipe  pressure  and  the  U/D 
ratio  than  was  predicted  by  Warren's  theory.  The  pressure  ratio 
influence  indicated  a  jet  Reynolds  number  effect,  and  the  L/D  influence 
indicated  the  enthalpy  attenuation  of  severely  underexpanded  jets 
could  not  be  adquately  predicted  by  Warren's  theory  in  light  of  this 
evidence  so  the  data  was  correlated  by  an  equation  of  form: 

'm  ________ 

^  (r)  I" 


q  =  K  (Re.) 


Equation  1  will  correlate  all  the  data  to  within  20  percent  in  n  =  1.0, 
m  =  0.  2  and  K  =  1.  29  x  lO"'^,  The  steady  state  values  of  all  tests  are 
shown  in  figure  3,  The  transientsfrom  1.  0  second  to  the  end  of  each 
test  fall  in  the  same  band  but  have  been  omitted  for  clarity. 


The  various  factors  in  equation  1  were  approximated  as  follows; 


1) 

2) 


Re, 

J 

H 

o 


/  pUd\ 

r  ^"^d  "’ideal  ■ 

V  "  h 

Tt  p  d 

=  unattenuated  enthalpy  of  the  gas  in  the  pipe. 
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_U 
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dU 

P  M 
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K 

.  y  s 

1/2 

dr 

d 

L  R  (y  L  1)  J 

Although  equation  1  lias  only  been  a|)pli<,!cl  to  a  liniiU'd  range  of  LA  15 
and  Kuj,  it  is.  the  best  eorrelalion  t'ouncl  tliu.s  fur.  When  more  is 
known  as  to  the  structure  .ind  enthalpy  decay  of  hot  underexpunded 
jets,  a  more  soplii.stLca ted  .appro. leh  may  ln‘  possible, 

2.  Off-Stagnation  Point  Heating 

The  heat  fluxes  at  two  locations  off  the  stagnation  point  may  be  related  to 
the  stagnation  lieat  flux  as  seen  in  figure  5.  The  heal-flu.s  ratio  .it  ,30 
degrees  (1.72-in.  arc  length)  shows  it  Iransllion  at  pressure  ratio  between 
3  and  4.  This  is  the  range  of  pressure  ratio  wlien  a  normal  sliock  appears 
in  the  jet  and  the  first  cell  in  the  scries  ol  shocks  becomes  stabK’,  .As  a 
result  of  this  structure  the  jot  spreading  angle  becomes  .siuaUer,  thus  the 
stagnation  heat  flux  is  increased  relative  to  the  locations  off  the  stagn.it  ion 
point.  The  location  at  67  degrees  (3.88-inch  ;trc  length]  shows  just  a 
gradual  decrease  relative  to  the  stagnation  point.  Since  this  location  is 
more  than  7  jet  diameter.s  away  from  the  stagnation  point,  the  change  in 
jet  structure  apparently  h.i.s  little  effect  on  heat  flux  at  this  position. 
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Figure  2  HEMISPHERE- CONE  SECTION 
P-8384F 


STAGNATION 


HEAT-TRANSFER  VARIATION  ON  HEMISPHERE  AS  A  FUNCTION  OP 
PIPE-TO-BOX  PRESSURE  RATIO 
63-6523 


SECRE1 


'l'ATU..F,  1 

CALORIMETER  LOCATIONS  FOR  AGGRAVATION  FX  I  >E  R IMFNTS 


Number 

Portion  ol  Model 

Location 

'FTC  1 

Cone 

Axis  of  calorimoLor  22.  SO  clo^i't^os  from  c.ono 
base  with  apex  of  an^lo  at  center  of  h(inuK[)lir.  r  i  c.al 
cap. 

TC  2 

C  one 

2.0  inche.s  from  calorimeter  1. 

TC  3 

C  one 

2.0  inches  from  calorimeter  2. 

TC  4 

Cone 

180  defirees  around  model  axis  frort  calorim¬ 
eter  1 . 

TC  5 

Cone 

180  dcRroes  around  model  axis  from  calorim¬ 
eter  2. 

TC  6 

Cone 

180  decrees  around  model  axis  from  calorim¬ 
eter  3. 

TC  7 

Outer  C ylinder 

5,  50  inches  from  base  of  cone. 

TC  a 

Outer  Cylinder 

10.0  Inches  from  base  of  cone,  coplanar  with  7. 

TC9 

Outer  Cylinder 

1 2 . 5  inches  from  b;>  se  of  cone,  180  decrees 
around  model  axis  from  calorimeters  7  and  8. 

TC  10 

Outer  C ylinder 

7.5  inches  from  base  of  cone,  coplaiiur  with 
calorimeter  9. 

TCll 

Outer  Cylinder 

3.5  inches  from  base  of  cone,  coplanar  with 
calorimeter  9. 

TC12 

Inner  Cylinder 

3.  42  inches  from  base  of  cone, 

TCI  3 

Inner  C ylinde r 

7.42  inches  from  base  of  cone,  coplanar  with  12. 

TC14 

Inner  Cylinder 

12,  42  inches  from  base  of  cone,  coplanar  with  12. 

TCI  5  . 

Hemispherical  Cap 

Angle  between  calorimeter  and  model  center- 
lines:  67. 50  degrees. 

TC16 

Hemispherical  Cap 

Anj»lc  bi'twoen  calorimeter  and  model  center- 
linea:  30.  0  clejireos. 

TC  17 

Hemispherical  Cap 

Anj»U*  between  t  alorimeter  and  model  center¬ 
lines:  0  degrees. 

All  calorimctrrs  are  0.375  inch  in  ilinmuter  and  1.50  indioM  Imiji. 


‘FTC  =  TTier  mocouple, 
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CAI^OHIMETKi{  1A)CA  I' IONS  FOU  !  IKMUSPHK  U  K' ( :uNK  MUDI-U. 


Station 

Radial  Diatuuvu 
(imhos) 

ijui  atiDiV'^ 

A 

0.0 

Center  of  rear  plate. 

B 

1 . 0 

l-inch  from  station  A. 

C 

Z.  0 

90  de^roi^M  from  radius  through  Htation  1C 

n 

2.0 

On  diameter  through  station.**  A  and  H,  IHl) 
degrees  away  finjiii  station  15. 

E 

3.  0 

On  radius  from  A  to  B. 

F 

4.  0 

On  rn<liu.s  from  A  through  D. 

‘J'  C  -Uorimetor  atatlons  1  and  d  are  identii  al  lo  llio«o  <  itc«l  in  labio  1. 


TABLE  3 


TEST  CONBiriONS  FOi^  M  YDROGEN’OX YCEN  ROCKET  ENGINE  EXPERIMENTS 


Experiment 
Nu  niber 

Chamber 

Pressure 

Ipsia) 

Mixture 

Ratio 

{IbOz/lbH^I 

Stagnation 

Temperature 

("R) 

Stagiiationf 

Enthalpy 

(Btu/lbl 

Inlet 

DiHineter 
fine  lies ) 

VeiU-to 
Inlet- Area 
Ratio 

-12^^ 

89. .i 

4. 0f> 

S42S 

9170 

0.750 

0,  222 

82.7 

4.07 

9440 

S180 

0.  7  90 

U.  420 

4.pi< 

82.2 

4. 08 

S<90 

9180 

0.  ■;9() 

0.8  VO 

4 

82.  2 

4.20 

S<I69 

92  1.3 

0.  7  90 

1. 680 

46>i' 

80,  7 

;i.80 

9.360 

9  UK) 

0.  7'H) 

1 . 680 

47':' 

111.7 

3 .  96 

9400 

9137 

0.  790 

1 .  1)80 

4H»:‘ 

81.2 

,5.80 

9  360 

9100 

0.  7  9(1 

J.  240 

'19 

6  i.  7 

3.70 

9210 

9030 

0.  900 

5.  78 

so 

90.2 

4.  92 

97  30 

9290 

0.  900 

3.  78 

SI 

120.  7 

4.  OH 

9460 

9180 

0.  90() 

3.  7H 

‘^2 

90.  2 

3.70 

9280 

90  30 

0.  900 

3.  TH 

S  5 

91.2 

i.  92 

9  570 

9160 

0.  900 

0.  94’' 

94 

121,7 

4.09 

9420 

9IVS 

0.  900 

0.  94  9 

9'i 

90,7 

3.  HH 

9370 

9M0 

0.  900 

0.  94  9 

90 

L  ""  . 

3.  70 

9.»H0 

90  30 

0.  900 

(I.  94  9 

(■(.hhIiu  ti*<I  wiLli  yllutler  mukIoI;  all  utlu'r  experiinonlB  |>t!r!'ui’iinMi 

with  In' miHjdii’ l•o•c•l)Mc  imnlul. 


Knlhalpy  i  asHununj*  ruiiiplote  c-niubiiatlon  ul'  ail  O,  tn  H^U.  Hast;  loi* 

«  uni|nita lion  11  jO(y )  anfl  I (p)  at  29M " K. 
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TEST  CONDITIONS  FOR  10-MW  AIR  ARC  EXPERIMENTS 


Run 

Numbe  r 

Plenum 

Pressure, 

(atmosphere 

Nozzle 

Diameter 

(inches) 

Power  to 
Air 
(Mw) 

Mass  Flow 
Rate 
(lb  sec) 

Enthalpy’!' 

(Btu/lb) 

Inlet  Hole 
Diameter 
(Inches) 

3353 

6.  29 

0.825 

0,887 

0.  276 

3020 

0.  50 

3557 

3.  71 

1 . 200 

2,  261 

0.  217 

9700 

0.  50 

3559 

10,  44 

0.60 

0. 766 

0.  241 

3020 

0.  50 

3561 

8.98 

0.  60 

0,626 

0.  214 

2760 

0.  50 

Compvited  from  mass  flow  rate  and  nozzle  size. 
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A 11 L.  h: 

) 

I'ost 

No. 

T  inie 

P  • 

^  pipe 

.Slal 

( )  n  .s 

(seconds) 

(psig) 

(p«ig) 

A 

c: 

D 

(ITioit  Flux 

Btu/  ft 

0,  2 

4.  0 

0.  0 

0.  0 

U.  0 

0.  0 

0.  0 

0,  0 

0,  5 

76.  S 

1  .  5 

18  6 

ivo 

166 

195 

143 

0.  6 

78.  2 

1 .  a 

232 

206 

196 

178 

140 

1.  0 

7  5.  8 

3.  1 

160 

1 66 

144 

150 

125 

2.  0 

75.2 

4.  5 

1  12 

108 

107 

106 

8  5 

3.  0 

75.  0 

5.  6 

138 

114 

100 

1  10 

78 

4.  0 

75.5 

5.  6 

MO 

120 

97 

107 

78 

3.  0 

76.  2 

6.  2 

M9 

13  3 

99 

104 

74 

3.  8 

77.  0 

162 

1  JO 

iOO 

100 

6  5 

r  0  s  l; 
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SUMMARY 


Work  conti.iUGd  in  the  areas  of  flight  ar.d  ground  tests  designed 
to  obtain  basic  data  on  internal  heating  phenomena  of  perforated  rc 
entfv  vehicles,, 

The  second  NASA  Wallops  Island  flight  test  was  launched  on 
7  May  196.?,  and  again  resulted  in  successful  telemetry  of  data 
througlu'Ut  re*encry,  with  successful  recovery  of  the  model,  Prelimir 
ary  data  are  being  analysed . 

The  model  for  the  internal  heating  tests  of  coupled  and  un¬ 
coupled  flow  was  completed  and  delivered  to  Cornell  Aeronautical 
Laboratory  for  testing  in  the  V'/ave  Superheater  Facility,  Tests  will 
be  conducted  in  July, 

A  program  has  been  initiated  to  determine  flow  characteristics 
of  various  geometry  orifices  having  supersonic  tangential  approach 
flow.  A  detailed  description  of  the  test  objectives  and  concept  is 
included.  Tests  are  scheduled  for  AEDC  Tunnel  E-1  In  October, 

A  checkout  of'^h'e' 'raa'lh '  subroutiiies  of  the  I21M  7090  internal 
Heating  Computer  Program  has  been  completed,  A  complete  checkout  of  ; he 
program  will  be  conducted  concurrent,  with  parametrit  studies.  Plans 
for  additional  modifications  of  the  program  are  discussed. 

The  thermosf.ruc  tural  Inve.scigaCions  were  resumed  v/i  th  studies  of 
the  Mark  3  vehicle.  Emphasis  is  being  placed  on  the  stresses  at  the 
cone-cylinder  Juncture  duo  to  penetration  of  the  conical  portion. 

During  the  past  quarter.,  emphasis  was  placed  on  flight  and  ground 
tests  designed  to  obtain  basic  data  on  Internal  heating  phenomena  of 
perforated  rt-entry  vehicles.  Thermostrue tural  studies  of  structural 
fallurr}  modes  were  reaunied.  Descriptions  of  progress  in  each  phase  of 
tlie.  program  are  given  belcw.. 

WALlXiPS  If.IAMD  .i'LIGKT  PROL.TAM 

The  oucori'i  flight  was  ’iaunchitd  on  7  May  1933,  and  .-.gain  rcsullf-.d 
in.  .'juctc.sEful  lelfiiTiCtry  of  data  throughout  rc'.-ontry,  with  siucccs'.'Jful 
recovciiy  of  tiuj  rnodel.  The  second  flight  model  contained  an  inlet 
orifice,  on  die  no.se  c  ,'ip  60  <’"i. away  from  the  suagmt  io.n  point,  plu' 
two  vev'.t  ports  on  the  cone  i  u’.xp^.;' te-.l  I  y  s-evore  ablation  ot.c.urrr.d 
Immedintfiiy  -Jowis tr-i.mn  of  the  Ir.ieL  orifice:. 
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A  rfcvle;\  of  f  reiimin'iry  resulCi^  ;j:L'  oct.;  was  Lield.  at 

r»'AS.A.  A  t  ngj...=  y ,  fol’ow'id  by  rfcle.4ae  of  prcill^ii.Lnary  press. ‘ra  a;  .ti  te-'.-npor;;- 
.r..'.  A.r.aly!;. la  cf  the  data  bs  ina.lt  in  . ':.t  ■..arr.'.L^.'.g  q  .aarter , 

i i-.itlt-.g  '7.om'p.3.rii:'-o.r;.;t.  vith  Malta  Rockat  Exhaijs.';  res'. its  oi;  ide. .ti.o t'.. 


heating 

Cot  tL-i  ii'.t.'.sr'ial  heating  'tssts  or  oo':plad  and  m-cj 
flow  K.'-.'.o  acmpifttni  .-ir.d.  rlrliver.ed  te  Coraell.  Aarraiantioai  Laboratory 
fci:  r. tif.vj;  in.  the  Wave  Suf.erb.eatar  Facility.  A  dasctiptioii  of  tl'.c 
ny, 1  .r.r.i  tC'iSt  e.;n.ditions  vtac  giv-cn  It  Refartnac  1.  The  tests  are 
r. T'.  .lu;.cd  for  l-at-e  ..roly,  due  to  a  delay  in  faollii;  •  test  schsdi.i,!  t; 
to.  r  rrogfrins  . 


CRri'd-jE  FLOW 

«  <■'  A-'MI  «B  tIMaMMi* 


'rents  be  t-ynducte .!  ia  .A3DC  Tur.nel  E-1  to  determine  the 

flow  t.Har£,nt'!riait.''..';  of  orifices  having  supersonic  tangential  appr'Of.:';'! 
f'.'.o’v.  KIoa'  rqta,,  as  well  as  velocity  profiles  end  direction  of  the 
e.’a.n.inf c •)  je.t,  will  h-e  detarmincl  as  .functions  or:  .ipproach  Mach  iv.ir.ibci'.-: , 
orlf i'-.i".  ■'.■'.I i;.K"nfisa"tC'“dt.'iime.ter  ratio,  and  orifice  pressure  ratio.  I.. 
ivdtiMf,  ,,  tha  'cff-jct.-i  cf  o.vitr.'a  dia3n.et.3r  and  ob'iiqui!:;/  on  flow  rat-'i 
d.  j’.'l,;  !:;.oti:tn  'till  be  ds-.e'TOiriac'.  for  various  oriiM.ce-to-thicknsuo 
irttlc,"  at  approach  Mach  uembor,  and  the  e.ffects  of  orifice  shape 
or.\  j'l.oj'  und  jet  diracticti  vxill  be  determined  for  one  orifice 

thicki..t.*o.-‘.o.".''.i.'iK;et3r ''r.ati.t  rt  'one  apprc.ecli  Mach  number. 

‘rh.ft  Till,  he  p.^r formed  by  mountii.\g  a  box  to  the  tunnel 

side  wa.’.i  .?.t  t;,he  oiifi.:!«  test  .section.  Ste.ady  state  flow  rates  will 
tft  '-u,’ t;.ablii3h-'.'i  by  ev.sT.ufiting  the  box  by  means  of  a  vacuum  pump,  to 
(.he  c.'iolref.  pre.jsure  r.atios.  T!;:ie  flow  rate  thru  the  orifice  will 
b-'s  m o a," u a  c.>i..'.ibrat.'?.i  flow  meter,  'fhe  static  pressure  upstream 
and  dov.T.i.jtr-'.av  of  the  crij'i.ce  will  be  measured  in  order  to  permit 

o::  :;he  resultc  in  terms  of  a  dimensioiiieGs  flow  coeffi- 
ilen:"..  Pitot  surv'-iyc  of  the  exp.en'led  jet  will  be  conducted  within  the 
bo!!;  at.  nevtr.ul  dl.c i.-an.,’.ts  do'wnatra.am  of  the  orifice  exit.  Photographs 
'Schll'iry.K  or  shadowgraph)  o.f  the.  ex.pjand&d  jet  within  the  box  will  be 
■•..■bt.9lTiad  .Cor  e'-ch  run.  At  the  completion  of  each  -■.'.n,  the  vacuum  pump 
will  bie  ohal.  d..rwn,  and  photographs  vtiil  be  taken  0:1;  the  flow  pattern 
existing  vt'lthln  the  box  'with  no  box  outflow.  Boundary  layer  velocity 
p,tcfiles  on  the  tunnel  wall  will  be  obtained  upstream  and  downstream 
'.•'f  the  orificfi. 
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methods  of  computing  flow  rate,  jet  direction,  and  Jet.  diffusion  as 
functions  of  the  independent  variables.  This  infortnation  Is  needed 
to  pt'.rform  internal  heating  analyses  of  perforated  re-entry  vehicles. 


A  preliminary  design  of  the  model  and  instrumentation  has  been 
completed  by  AEDG  personnel  to  assure  model  compatibility  with  the 
tunnel  facility.  The  detailed  defsign  and  manufacture  of  the  model  and 
associated  instrumentation  will  be  performed  by  OE/RSD. 


A  tentative  test  schedule  hat.  been  Set  up  with  AEDC  and  the 
Air  Force.  Tunnel  time  In  S-1  is  anticipated  to  be  four  weeks,  from 
30  September  to  25  October  1963,  Inclusive. 


PA,RAME,TRIC  COMPfiTATIONS 

A  ch«-ckout  of  the  main  subroutines  ot  the  I3M  7090  Internal 
Heating  Program  has  been  completed.  A  comp  let.?:  checkout  of  the 
program  will  be  conducted  concurrent  with  paitometrlc  atudiee  on  the 
C-1  Advanced  Concept  Target  Vehicle.  It  is  also  planned  to  use  the 
program  to  perform  predictions  of  internal  heating  and  pressure  for 
the  Wallops  Island  flight  models. 

In.  the  present  form,  the  program  is  set  up  to  predict  internal 
heating  for  uncoupled  flow  conditions,  either  vented  or  unventec. 

It  is  planned  to  modify  the  program  to  also  ec-.'.tommodate  coupled  flow 
condltl.ons  based  on  the  internal  heating  tests  being  conducted  at  the 
flornell  Aeron.autical  laboratory.  In  addition,  the  program  will  be 
updated  periodically  to  reflect  advannes  in  stat€;-of-the-art  of 
Internal  heating  technology  in  the  areas  of  orifice  flow  character¬ 
istics,  jet  diffusion.,  jet  impingement  heating,  and  wall  Jet  heat 
trans fer . 


STRi'.'ir;i';jRAL 

The  thermos  true,  tural.  investigations  were  resumed  w'ith  studies  of 
the  Mark  3  vahic.le.  The  oone-oylinder  forwtard  cavity  structure  of  this 
vehicle  is  being  inve.stigated,  since  this  type  of  structure  behaves 
differently  th.an  the.  conical  shells  previously  studied.  A  penetration 
of  the  conical  .shell  re.eulted  in  an  equaliRatlon  of  internal  and  t-.K- 
ternal  pre.s.surt!  (assuming  uncoupled  flow)  thus  reducing  the.  contribution 
of  the  mC'Chanlcal  load.s  to  the  failure  mechanism.  A  pc'netration  of  the 
conical  portion  of  the  Mark  3  cone-cylinder  structure  results  in  a 
pressure  equalization  of  the  conical  seetion  and  an  outward  acting 
pres, sure  on  the  cylindrical  section. 
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di  iiferentii’;  L  r..;c.sfi;i  -e  loadin.'  may  be  appi.oc:'./.!' L’.  and  .'...-s  cr.  fsc 
failure  ac  a  altitude  than  that  conscr\'ar.i‘/aly  es ti;,ia.:e(.i  usi'. 

the  maltiad  ter.ipe -'alrjre  o£  the  shell  cnly.  The  actual  date . i  .'at i"-' 
cf  thiG  t  ::  cc"  j.E  the  immediate  goal  of  tl  is  s  ■. 

The  trajectot'/  shown  in  the  previous  HKM  Anaual  Repui-*-. .  R?..ere-.ce  2, 
Is  being  'sed.  The  specific  vehicle  geometv.'  and  weight  dist. .  i  ■  i  :■  >. .i 
were  obtainad  past  RSD  documents.  Usiig  tliis  traject'^r  / ,  alvicle 

geometry  and  aeircdynamlc  characteristics,  stractural  loads  were 
calculated  for  che  vehicle  at  various  Limes  along  the  re-e.^tj.  y  path. 

Tt.e  Lesul t io;..,  stresses  are  being  calc  ..rated  at.  .':hs  cone-cylinda . 

..j.ncture  using  the  above  loads  and  influence  coefficients  computed  ■  .  • 
this  spec ettcle  geome-tvy. 
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Thfi  fiffnrts  a1:  ARAP  In  the  several  areas  of  responsibility 
with  which  it  is  concerned  are  reviewed  briefly.  These  areas 
Include  over-all  management  and  coordination  tasks  as  well  as 
theoretical  and  experimental  work  on  Jet  decay,  Jet  impingement, 
wall  Jet  problems,  and  coupled  flow  phenomena.  Certain 
problems  which  will  receive  close  attention  in  the  coming  year 
are  mentioned. 


MANAGEIVENT  AND  COORDINATION 

Among  the  usual  liaison  and  Interpretive  duties  required 
under  this  portion  of  the  program,  ARAP  has  been  Involved, 
during  the  past  quarter,  in  several  projects  which  should  be 
mentioned  herein. 

1.  A  meeting  was  held  on  April  22,  1963j  at  ARAP  including 
representatives  of  ARAP,  ONR,  AVCO,  and  General  Electric  to 
discuss  the  current  status  of  the  efforts  of  the  various 
participants  In  the  Aerothermal  Phase  and  to  outline  future 
plans.  Recent  results  achieved  by  these  groups  in  their  various 
experimental  and  theoretical  efforts  were  presented  and 
discussed. 

2.  A  paper  covering  the  various  technical  problems  of 
aerothermal  kill  mechanisms  was  presented  at  the  Sixth 
Symposium  on  Hypervelocity  Impact  In  Cleveland  on  May  2,  19^3 . 

3 .  A  preliminary  study  was  performed  on  the  feasibility 
of  using  foam  materials  for  the  protection  of  vehicle  interiors 
against  aerothermal  effects.  A  memorandum  was  prepared  which 
summarised  briefly  the  pertinent  current  information  on  such 
foams . 

Further  study  of  the  problems  of  flow  coupling  and 
buoyancy  has  been  made  and  plans  have  been  formulated  for 
additional  investigations  of  these  problems  during  the  coming 
year. 

The  experimental  study  of  coupled  flows  under  way  at  ARAP 
has  been  described  in  previous  Progress  Reports. 

JET  IMPINGEMENT  AND  WALL  JET  STUDIES 


Theoretical 


A  theoretical  study  has  been  under'takon  in  an  attemot  to 
develop  a  theory  for  the  Incompressible  turbulent  radial 
wall  Jet  which  will  agree  with  present  experimental  inl'ormatlon 
and  which  may  be  extended  to  the  case  of  compressible  flow. 

This  study  has  been  undertaken  so  as  to  have  a  I'ational  theory 
for  the  distribution  of  heat  transfer  in  the  region  adjacent 
to  an  impinging  Jet. 
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A  detailed  discussion  of  the  Jet  Impingement  experimental 
program  was  presented  In  the  previous  Progress  Report.  Sub¬ 
sequent  to  that  reportj  the  tests  for  normal  Impingement  on 
all  four  models  have  been  completed.  The  data  are  now  In 
the  process  of  reduction  and  no  additional  conclusions  will 
be  presented  at  this  time.  Because  of  the  obvious  importancp 
of  local  shock  structure  in  an  underexpanded  free  Jet,  a 
detailed  survey  was  made  with  the  flat  plate  model  in  the 
region  of  supersonic  impingement.  The  results  of  this  series 
of  tests  should  make  possible  a  more  meaningful  interpretation 
of  all  the  impingement  data  taken  under  similar  underexpanded 
conditions  for  the  other  models. 

A  program  to  gather  data  under  conditions  of  oblique 
impingement  Is  nov;  in  progress. 
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